abStRact: Schistosomiasis infection can be interrupted if the development of miracidia to cercariae in Biomphalaria alexandrina (Ehrenberg) is blocked. This requires an efficient snail's antioxidant system which can be complemented with an exogenous antioxidant source to alleviate the oxidative stress of infection. For this purpose, leaves of Eucalyptus camaldulensis were air-dried, extracted with aqueous methanol (85%) and defatted with petroleum ether. The obtained defatted extract was used to prepare extracts with different solvents. Among these, ethyl acetate showed the highest antioxidant activity and was chosen for the experiments. The effect of ethyl acetate extract on the infection, survivorship, as well as levels of malondialdehyde (MDA), catalase (CAT) and reduced glutathione (GSH) in B. alexandrina were measured in control, untreated infected and treated infected snails on 1, 10, and 30 days post infection (dpi). The snails exposed to ethyl acetate extract showed a significant reduction in the infection rate compared to those infected and untreated. Moreover, the extract decreased the level of MDA and increased CAT and GSH activities in the haemolymph and tissues of the treated snails. The results suggest that ethyl acetate extract from leaves of E. camaldulensis can be used as an antiparasitic compound against the intramolluscan phase of S. mansoni Sambon, 1907. 
INTRODUCTION
Schistosomiasis is an acute and chronic disease which affects millions of people in tropical and subtropical countries. Most of the suffering people (92%) are residents of 41 African countries (WHO 2017) . The schistosome life cycle is complex and requires two hosts; a human definitive host and an intermediate snail host. Schistosoma mansoni Sambon, 1907 depends on snails of the genus Biomphalaria Preston, 1910 as its intermediate host. Within Biomphalaria, the parasite develops from miracidia, the snails' infective larvae, to cercariae, the human infective stage (MeuleMan 1971 , MoRGan et al. 2001 , bayne 2009 ). Up to date, no effective vaccine has been found against schistosomiasis and the disease control depends entirely on praziquantel. Laboratory tests have shown an emerging resistance to the drug (Fallon & doenHoFF 1994 , doenHoFF et al. 2009 ). Therefore, there is a continuous need for new control methods such as blocking the parasite's development within snails to decrease disease transmission.
In Egypt, according to a recent estimate, the average prevalence of S. mansoni infection in five Egyptian governorates in the Nile Delta region is 10.7%; schoolchildren aged 6-15 years were examined using the Urine-Circulating Cathodic Antigen cassette assay (HaGGaG et al. 2017 ). This prevalence rate is considerably higher than expected and has many indications. For example, it may indicate a recent human-water contact in spots with abundant occurrence of infected Biomphalaria alexandrina (Ehrenberg, 1831) , the main intermediate host for S. mansoni in Egypt (lotFy et al. 2005 , MoHaMed et al. 2012 , abou el-naGa 2013 . Thus, efforts should be directed to identifying such spots and to take appropriate measures. Although disease reduction and elimination using snail control requires long-term and repetitive applications, most of the currently recommended control strategies emphasise mass drug administration using praziquantel together with snail control (KinG & beRtScH 2015) . Widespread snail control reduced prevalence by 92 ±5% (N = 19) vs. 37 ±7% (N = 29) for programmes using little or no snail control (SoKolow et al. 2016) .
Snail control using the currently recommended molluscicide, nicolsamide, has side-effects on non-target aquatic organisms and is expensive for many endemic countries. Modern and innovative control tools are needed to overcome the disadvantages of nicolsamide or any other synthetic molluscicide. Tackling the parasite development within the snail hosts would stop the infection spread in snails and thus prevent human infection. For this purpose, it is important to know the requirements of intramolluscan development of S. mansoni (bayne 2009).
Schistosome infection presents an immune challenge to snails and in response the snails' haemocytes produce reactive oxygen species such as hydrogen peroxide (H 2 O 2 ) to kill the parasite (bayne et al. 1980 (bayne et al. , HaHn et al. 2001 . Larvae of S. mansoni have their own defence mechanism which involves several antioxidant enzymes such as glutathione-S-transferase, Cu/Zn super oxide dismutase (SOD), glutathione peroxidase and peroxiredoxins (ZelcK & von JanowSKy 2004 , wu et al. 2009 ). The outcome of this battle between the snail's oxidant system and the parasite's antioxidant defines the susceptibility or resistance phenotype of Biomphalaria (Moné et al. 2011 , Mitta et al. 2017 . The immune system can be a target for interferences to shift the balance in the snail's favour to help overcome the parasite.
Natural compounds can be added to the snails' water to act as exogenous antioxidant sources which enhance the immune system and help to kill the invading parasite larvae. Natural plant products have been used for thousands of years as medicines, cosmetics, food additives and flavouring substances with little or no harmful effects. The effect of plants used for medicinal purposes is based on compounds contained in their extracts. Plant extracts are rich in alcohols, esters, aldehydes, ketones, carbohydrates, terpenes, and polyphenols which account for the plants' antioxidant effects. A wide range of medicinal plants has proven sufficient in treating ROS (reactive oxygen species)-mediated disorders by restoring the balance between oxidative stress and antioxidant system within organisms. A study on the effect of extracts from Punica granatum has shown its potential as an immunostimulant to block the development of S. mansoni in B. ale xandrina (MoSSaleM et al. 2017) . In this paper we used Eucalyptus camadulensis which is widespread in Egypt. Eucalyptus is a rich source of polyphenols, terpenoids, eucalyptol and cineole (GHiSalbeRti 1996 , laMbeRt et al. 2001 , dey & MitRa 2013 . Essential oils from E. camaldulensis are used to produce soaps, detergents, lotions and perfumes and also to flavour foods and beverages (caRvalHo et al. 2016) . The plant has also an antimicrobial potential against gram-positive bacteria (neelaM et al. 2014 ) and anti-inflammatory (Pino et al. 2002 ), antitermitic (SiRaMon et al. 2009 ), larvicidal and mosquito repellent effect (batiSH et al. 2008 , neRio et al. 2010 , as well as antioxidative and antiradical properties (SiRaMon & oHtani 2007) . The antioxidant effect of the leaf extract from E. camaldulensis was determined and tested on B. alexandrina infected with S. mansoni to evaluate its effect on the infection rate and survivorship of the snails.
MATERIAL AND METHODS

PLANT MATERIAL
Fresh leaves of Eucalyptus camaldulensis Dehnh were collected in Giza Governorate in May 2016 and used for the extraction process. Identification and authentication of the collected material was carried out by Prof. Dr. waFaa aMeR, Professor of Plant Taxonomy, Faculty of Science, Cairo University, Giza, Egypt, using some of the collected leaves.
PLANT EXTRACTION AND FRACTIONATION
Chemicals and reagents
All solvents and reagents used were of analytical grade. 1,1'-diphenyl-2-picryl-hydrazyl (DPPH), and ascorbic acid were obtained from Sigma-Aldrich, UK. All other solvents used in the current research work were obtained from El-Nasr Pharmaceutical Chemicals Co., Egypt.
Air-dried powdered leaves of E. camaldulensis (1.5 Kg) were soaked in four litres of aqueous methanol (85%) for three days at room temperature (25±2 °C).
The crude methanolic extract (ME) was concentrated in rotational evaporator and the resulting extract (210 g) was defatted with petroleum ether (60-80 °C) (1.5 L) to obtain petroleum ether extract (25 g). The defatted 85% ME (175 g) was suspended in distilled water, and extracted successively with 1.5 L of dichloromethane, ethyl acetate (2 L), and n-butanol (2 L), to obtain methylene chloride (40 g), ethyl acetate (15 g), n-butanol (50 g), and water (55 g) extracts.
The obtained extracts were weighed and stored for further analyses.
1,1'-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activity of the extracted materials
The free radical scavenging antioxidant activity was determined according to the reported procedures, using ascorbic acid as standard (GHaReeb et al. 2014 ).
EFFECT OF E. CAMALDULENSIS EXTRACT ON SURVIVORSHIP, INFECTION RATE AND OXIDATIVE PARAMETERS OF B. ALEXANDRINA
Snail maintenance and S. mansoni infection B. alexandrina used in this study were descendants from populations collected from irrigation schemes in Giza Governorate, Egypt. The snails were maintained at room temperature (25±1 °C) in the Medical Malacology Laboratory, Theodor Bilharz Research Institute, in plastic aquaria (16 cm width -23 cm length -10 cm depth) containing dechlorinated tap water. The water was changed every four days and the snails were fed with lettuce leaves on a daily basis. A preliminary experiment was done by exposing B. alexandrina to different concentrations of ethyl acetate extract of E. camaldulensis (10 ppm -1,000 ppm) to test the toxicity of the extract. Mortality rate was the toxicity end point for the extract. At the highest concentration (1,000 ppm) used, no mortality was recorded among the snails. Thus, this group was excluded from the study design and the following three groups of adult B. alexandrina (10-12 mm in diameter), three replicates each of 40 snails per group, were used as follows: 1. Group 1 (control): snails in dechlorinated water only.
Group 2 (infected untreated): snails infected with
S. mansoni (8-10 miracidia/snail) without exposure to E. camaldulensis extract. 3. Group 3 (infected treated): snails continuously exposed to E. camaldulensis extract starting one month before infection with S. mansoni till the end of the experiment. The time of exposure to the extract was adjusted so as to establish all the experimental groups on the same day. Stock solution of E. camaldulensis extract was prepared by dissolving 0.2 gm of the extract in 0.5 ml of dimethyl sulphoxide (DMSO), and diluted to 200 ml with distilled water. Further dilutions were made to obtain 200 ppm concentration to be used in the treatment experiments (200 ppm was selected based on the DPPH results, the concentration which produced the highest radical scavenging activity). The same volume of DMSO was added to the control group (the percent of DMSO in all the groups did not exceed 0.5%). The solutions were changed every two days to ensure adequate exposure of the snails to the extract. In a preliminary experiment we did not find any toxic effect of the extract on normal B. alexandrina; consequently we focused only on the control (water containing DMSO only), infected untreated (water containing DMSO) and infected treated (extract solution containing DMSO) groups to compare the effect of the extract on infection and antioxidant system.
Levels of oxidative parameters were determined in the tissue and haemolymph of B. alexandrina (in triplicates each of 10 snails) before and after treatment with the extract of E. camaldulensis on days 1, 10 and 30 post infection (dpi). Besides, survivorship and infection rates were also determined.
Survivorship and infection rate
Starting from day 21 post miracidial exposure, the snails were examined individually and repeatedly for cercarial shedding in multi dishes under artificial light for two hours in 2 ml of dechlorinated tape water per snail. All snails that died during the prepatent period were crushed between two slides and inspected under a microscope for immature parasite stages (cHeRnin & dunavan 1962) . The snail's infection rate was calculated at the end of the experiment by dividing the number of shedding snails and those which were positive on crushing (inspected after death during prepatent period) by the number of exposed snails; the survivorship was calculated by dividing the number of snails at first shedding by the total number of exposed snails (youSiF et al. 1998 ).
ESTIMATION OF OXIDATIVE STRESS AND ANTIOXIDANT PARAMETERS
Haemolymph and whole tissue samples were collected in triplicates (ten snails each) from each experimental group on 1, 10 and 30 dpi from the control, infected untreated and infected treated groups (30 snails total per time-point and per group). The tissue samples were washed in distilled water, weighted and homogenised in PBS (phosphate buffer solution; 50 mM potassium phosphate, pH 7.5 and 1 mM EDTA) in a 1:10 weight to volume using a glass homogeniser. The tissue homogenates were centrifuged at 4,000 rpm for 15 minutes at 4 °C. The resulting supernatant and haemolymph were used to calculate the concentration of malondialdehyde (MDA) based on SatoH (1978) using lipid peroxide kit (Biodiagnostic Company, Dokki, Giza, Egypt; Cat. No. MD 2529), catalase (CAT) activity based on the method of aebi (1984) using catalase assay kit (Biodiagnostic Company, Dokki, Giza, Egypt; Cat. No. CA 2517), and reduced glutathione (GSH) concentration using colorimetric GSH kit (Biodiagnostic Company, Dokki, Giza, Egypt; Cat. No. GR 2511) based on beutleR et al. (1963) .
STATISTICAL ANALYSIS
Each experiment was performed in three replicates and the results were presented as mean values ± standard error of the mean (mean ±SE). To detect significant differences among the treatments, we used ANOVA followed by post hoc Tukey comparison test; the differences were considered significant at P < 0.05. The data were analysed using SPSSv20 (IBM Corporation, NY, USA) and Microsoft Excel 2007 (Microsoft Corporation, Redmond, WA, USA). The levels of significance were defined as: *P≤0.05: slightly significant; **P≤0.01: significant; ***P≤0.001: highly significant.
RESULTS ANTIOXIDANT EFFECT OF E. CAMALDULENSIS
The DPPH free radical scavenging activity of different solvent extracts of E. camaldulensis showed that SC 50 values (concentration of sample required to scavenge 50% of DPPH radicals) of the tested extracts were 65.60, 1.58, 30.64, and 102.37 μg/ml, for the 85% ME, ethyl acetate, n-butanol and water extracts respectively, compared to ascorbic acid as standard with SC 50 value of 7.50 μg/ml, and no activity was recorded with the petroleum ether or methylene chloride extracts ( Table 1 ). The results indicate that the ethyl acetate extract was the most powerful antioxidant among the extracts tested. Table 2 summarises the effect of infection on survivorship of B. alexandrina in the presence and absence of ethyl acetate extract from E. camaldulensis. The survivorship of infected snails was by almost 9% lower than that of the control, being 66.6% and 75%, respectively. However, the infected snails treated with the extract showed a marked improvement in their survivorship even compared to the control: 82%. On the other hand, the infection rate was significantly reduced from 77% in the snails infected without prior treatment to 20% in those treated.
EFFECT OF ETHYL ACETATE EXTRACT FROM E. CAMALDULENSIS ON THE ANTIOXIDANT SYSTEM OF B. ALEXANDRINA
The modulatory effects of the ethyl acetate extract from E. camaldulensis against infection with S. mansoni in B. alexandrina was evaluated through determination of lipid peroxidation (as MDA concentrations) as a representative of oxidative stress and CAT activity and GSH concentration as representatives of the snail's antioxidant system. In the haemolymph, the levels of MDA were slightly higher in the infected untreated and infected treated groups than those recorded in the control on 1 dpi with a minimal reduction in the treated snails compared to the non-treated (infected). However, on 10 dpi, while the MDA levels showed a similar increase in the infected untreated and infected treated groups vs. control, the MDA concentration was higher in the treated than in the untreated group. The situation was completely different during the patent, shedding phase (30 dpi). While infection caused an increase in the level of MDA from 14.77 ±1.22 nmol/ml to 32.24 ±0.48 nmol/ml, the treatment with the E. camaldulensis extract caused a marked decrease in the MDA level to 22.56 ±0.25 nmol/ml. The effect of E. camaldulensis extract on lipid peroxidation was more profound in the tissues than in the haemolymph. It significantly reduced the MDA level nearly to its control values during the prepatent (1 dpi and 10 dpi) and patent (30 dpi) periods. For example, the MDA level on 10 dpi was 70.20 ±2.04 nmol/gm in the infected untreated group compared to 35.38 ±1.70 nmol/gm in the infected treated group (Fig. 1) . With regard to the antioxidant system of B. alexandrina, the CAT activity was significantly increased in the haemolymph and tissues of the treated snails on 1, 10 and 30 dpi. The CAT activity was increased from 844.44 ±40.98 U/L in the haemolymph of the infected group to 965.27 ±15.30 U/L on 10 dpi and 770.83 ±7.21 U/L to 973.61 ±13.60 U/L in the haemolymph of infected untreated and infected treated groups, respectively. In the tissue, at the same time intervals, the extract had a greater effect on the CAT activity. The extract restored the activity to levels close to the normal control values, as observed on 30 dpi in the infected treated group where it was 4.67 ±0.15 U/gm compared to 3.62 ±0.10 U/gm in the infected group and 5.66±0.54 U/gm in the control. On 10 dpi, the extract increased the CAT activity to twice its value in the infected group: it was 2.86 ±0.03 and 6.39 ±0.08 U/gm in the infected untreated and the infected treated groups, respectively, compared to 5.65 ±0.16 U/gm in the control (Fig. 2) . The same pattern was also observed for GSH following the extract treatment. The effect was stronger in the tissues than in the haemolymph (Table 3 and Fig. 3 ). 
DISCUSSION
The present study represents a new direction in the control of one of the medically important freshwater snails, B. alexandrina, the snail responsible for transmission of intestinal schistosomiasis in Egypt. Most of the control strategies of schistosomiasis focus mainly on mass drug administration to decrease the disease incidence, although snail control has been shown important in schistosomiasis elimination. The currently applied control methods have some disadvantages, such as the emerging resistance to praziquantel in the laboratory (Fallon & doenHoFF 1994 , wanG et al. 2012 ) and environmental and financial problems related to chemical molluscicides (KinG & beRtScH 2015) . There is a continuous need for new control initiatives. Controlling the parasite during its intramolluscan stage using antioxidant plants might be an easy and environment-friendly method. For this purpose, it is mandatory to expand our knowledge of the Biomphalaria-Schistosoma system as well as the factors exploited by the host and parasite and responsible for the success or failure of infection.
One of the biochemical machineries involved in the snail-schistosome interactions, is reactive oxygen species (ROS). Haemocytes of Biomphalaria quickly recognise parasites and produce ROS to kill the invading pathogens. This is an important component of Biomphalaria cellular defences; it determines the susceptibility or resistance to schistosome infection and production of cercariae (bendeR et al. 2007 , yoSHino et al. 2008 , ittiPRaSeRt et al. 2010 , Moné et al. 2011 . Interference with the snail immune system through improving the antioxidant system may help the snails to overcome the infection-associated stress and finally lead to retarding parasite development.
Natural plant products are rich in antioxidants such as phenolic, polyphenolic, alkaloid, quinone, and terpenoid molecules , ZHanG et al. 2011 ). These products have been used to improve immune responses to infection (cowan 1999 (cowan , HaRiKRiSHnan et al. 2011 . E. camadulensis is a wellknown species which is widespread in Egypt and has been used for many medicinal purposes (SinGab et al. 2011) . Its leaves were collected and extracted with different solvents and the antioxidant capacity for each solvent extract was compared using the DPPH assay. The results showed that the most powerful extract was ethyl acetate; consequently, it was used in the biological experiments to test its anti-parasitic effect against S. mansoni in B. alexandrina. The treatment of infected Biomphalaria with E. camaldulensis extract improved the snails' survivorship and significantly reduced the infection rate to 20% compared to 77% in the infected untreated snails.
Moreover, by studying the influence of the extract on different oxidative stress and antioxidant parameters, it was found that the ethyl acetate extract of E. camaldulensis exhibited a modulatory effect on the level of lipid peroxidation where it reduced the MDA concentration in both the haemolymph and the tissues of infected treated snails compared to those infected without treatment. On 30 dpi, the level of MDA was 32.24 ±0.48 nmol/ml in the haemolymph of infected untreated snails compared to 22.56 ±0.25 nmol/ ml in infected treated ones. Moreover, the effect of the extract on lipid peroxidation was more obvious in the tissues where it significantly reduced the MDA levels to values close to that of control on 1, 10, 30 dpi (Table 3) .
Besides decreasing the infection-associated oxidative stress (lipid peroxidation), E. camaldulensis had a positive effect on the antioxidant system of Biomphalaria. It significantly improved the haemolymph and tissue concentration of CAT on 1, 10 and 30 dpi. The increase in the enzyme activity was greater in the tissues of the treated snails than in their haemoplymph. The extract restored the activity to levels close to the normal control values; on 30 dpi in the infected treated group the CAT activity was 4.67 ±0.15 U/gm compared to 3.62 ±0.10 U/gm in the infected group and 5.66 ±0.54 U/gm in the control. The GSH concentrations were also increased following the extract treatment in a similar manner to CAT (Table 3 and Fig. 3) .
Earlier results clearly indicated that E. camaldulensis had an antischistosomal effect against S. mansoni in B. alexandrina, as demonstrated by the increase in the snails' survivorship following infection and the reduction of the infection rate. This reduction is supported by the biochemical data obtained. The reduction in lipid peroxidation and increase in CAT and GSH reflect an improvement in the immune status and may account for this drop in infection rate. The previous studies showed that hydrogen peroxide (H 2 O 2 ), the most predominant ROS molecule produced by haemocytes and involved in killing larvae of S. mansoni in snails, is generated by Cu/Zn SOD, and the snails' ability to eliminate schistosome infection depends on their capacity to generate extracellular H 2 O 2 (bendeR et al. 2005) . To overcome the ROS produced by the snails, the parasites produce antioxidant molecules (connoRS et al. 1991 , veRMeiRe & yoSHino 2007 . Sporocysts produce antioxidant enzymes, such as glutathione-S-transferase, Cu/Zn and Mn SODs, glutathione peroxidase and peroxiredoxins, to protect themselves from oxidative damage (MouRão et al. 2009 (MouRão et al. , wu et al. 2009 ). Apparently, E. camaldulensis exerted its effect in a different mechanism possibly by increasing the overall antioxidant status of the snails and improving the haemocyte capacity to encounter and degrade the parasite larvae. In the same context, treatment with Eucalyptus globulus oil extract had an effect on the phagocytotic ability of human monocyte-derived macrophages in the presence of immuno-suppression induced by the chemotherapeutic agent 5-fluorouracil (5-FU). Combined treatment with 5-FU/Eucalyptus oil extract inhibited the 5-FU-induced myelotoxicity and raised the phagocytotic activity of the granulocytic/monocytic system, significantly decreased by the chemotherapy (SeRaFino et al. 2008) .
Various biological effects of Eucalyptus have been documented, including antimicrobial, and antihyperglycemic properties (taKaHaSHi et al. 2004 , GilleS et al. 2010 . Moreover, it has been reported that extracts from E. camaldulensis have an antitrichomonas effect (de bRuM vieiRa et al. 2015) . HaSSani et al. (2013) found that the ethyl acetate fraction of E. camaldulensis showed 100% growth inhibition for Trichomonas vaginalis in culture medium at 12.5 mg/ ml concentration after 24 and 48 h. Alcoholic and oil extracts from leaves of E. camaldulensis had an antileishmanial effect on Leishmania major promastigotes form (noSRatabadi et al. 2015) . Aqueous extracts of Eucalyptus showed the highest activity against protoscolices of human Echinococcus granulosus; it decreased the viability to 0% in 72 h (alSaiMaRy & ZeKi 1999) . Microscopic observation showed that the essential oil from produced by the leaves of E. camaldulensis caused severe damage in S. mansoni worm's typography (el-baZ et al. 2015) . Also, it had a powerful inhibitory effect against larvae of two mosquito species: Aedes aegypti and A. albopictus (cHenG et al. 2009 ).
Separation and characterisation of the phytoconstituents of the aqueous acetone leaf extract of E. camaldulensis identified fifty-six compounds, including ellagitannins, flavonoids, phloroglucinol derivatives and galloylesters. Most of the fractions separated from the plant exhibited a strong antioxidant and anti-tumor activities (SinGab et al. 2011 ). wonG-PaZ et al. (2015 found that the antioxidant activity of E. camaldulensis extract was correlated with the high total phenolic content observed during its quantification in the extraction process. Moreover, aMaKuRa et al. (2002) evaluated the antioxidant activity of Eucalyptus extract by the DPPH assay and observed that terpenes and phloroglucinol isolated from E. camaldulensis had a higher antioxidant activity than synthetic antioxidants.
CONCLUSION
It can be concluded that the ethyl acetate extract from leaves of E. camaldulensis can be used as antiparasitic compound against intramolluscan phase of S. mansoni. The plant is widespread in many sub-urban areas of Egypt which are more tolerant to schistosomiasis infection. Its use to control schistosomiasis prevalence in snails may overcome many of the financial and environmental concerns associated with chemical molluscicides as well as biodiversity change as a result of snail eradication.
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